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Abstract
In repair of aircraft structures of magnesium alloy ML10, the argon arc non-consumable electrode welding is used. In this case, the residual
welding stresses occur in repair welds, being one of the causes for reducing the service characteristics of the restored products. Residual stresses arise
as a result of welding. Post-weld heat treatment is used to reduce the residual stresses. The heat treatment, which occurs after welding, increases the
cost of repair.This leads to the search for alternative methods to control the stressed state of welded joints, one of which is electrodynamic treatment,
which reduces the level of residual stresses in repair welds, and as a consequence, the cost of the welding repair in restoring aircraft structures. It was
found from the results of experiments carried out, that the electrodynamic treatment allows reduces the initial level of stresses in welded joints,
reaching 120 MPa, to 30 MPa, and at definite geometric characteristics of the specimens forming the field of compressive stresses, the values ofwhich
are equal to –50 MPa. It is shown that the optimum distance between the zones of treatment, being 5 mm, provides the guaranteed covering the zones
of electrodynamic effect and, as a consequence, the maximum efficiency of the electric dynamic treatment.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In repairing damages of magnesium alloys casings aircraft
structures [1–3], the argon arc non-consumable electrode
welding is used [4]. One of the causes of reduction of the service
characteristics of the restored casings is the presence of residual
welding stresses in repair welds, thus reducing the service life of
vehicles. Heat treatment are often used to reduce the welding
residual stresses. Heat treatment in large electric furnaces
increase the cost of repair operations. Moreover, there is no
complete guarantee from the occurrence of fatigue cracks in
repair welds, leading to the need in development and application
of alternativemethods of decreasing the level of residual stresses
in welded joints. These methods also include the methods of
treatment using pulsed electric and magnetic fields [5–8].
One of the methods of a pulsed current effect on metals is
the electrodynamic treatment (EDT), based on the initiation of
electromagnetic forces on the material, occurring in the current
discharge passing through the material being treated [9]. The
application of EDT reduces the level of residual stresses in
repair welds [4], which can be, in a number of cases, the
alternative to heat treatment, and in the future, replace it. This
will decrease the cost of repair technologies in restoring the
structural elements of aircrafts.
The aim of the present work was to investigate the effect of
the electrodynamic treatment on the decrease in level of
residual welding stresses in welded joints of the magnesium
alloy ML10.
2. Experimental procedure
2.1. Material and specimens
Taking into account that welding is used to repair damages in
aviation structures, the specimens, cut out from a cylindrical
shell of 1.5 mm diameter of an intermediate casing of the air-
craft engine D-54 [4], manufactured with heat-resistant mag-
nesium alloy ML10, were used to evaluate the EDT effect on
residual stresses.
Two types of specimens (Fig. 2) were used, the geometric
characteristics of which corresponded to the sizes of repair
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welded joints of intermediate casing structural elements. The
first type of specimen represented a fragment of a cylindrical
shell with a smooth surface 330 × 200 × 8 mm in size with a
longitudinal deflection of 20 mm (Fig. 1a). On the second type
of specimen, 330 × 260 × 8 mm in size and with a 20 mm
deflection, there are two cylindrical reinforcements for fasten-
ing the elements of the intermediate casing of 25 mm diameter
and 15 mm height, the distance between them is 60 mm
(Fig. 1b).
On the first type of specimens, the two-pass welds were
performed, similar to those used in repairing intermediate
casings, then they were subjected to EDT with the in-process
control of values of residual stresses after welding and
treatment.
The conditions of welding and EDT are given, respectively,
in Tables 1 and 2.
Before welding, notches were made on the specimens, simu-
lating the typical damages of intermediate casings [4], which
Table 1











1 1 20 200–250 1.5 0.25–0.3
2 2 20 250–350 1.5 0.25–0.3
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Fig. 1. Specimens of repair welded joints of alloy ML10: a – first type of
specimen; b – second type of specimen without a weld; c – second type of
specimen with a weld.
Fig. 2. Speckle-interferometry measuring system: a – optic scheme; b – general view (1 – unit for signal recording; 2 – unit for optic signal processing; 3 – optic
interferometer; 4 – specimen; 5 – assembly plate); c – interference fringe pattern, obtained by the method of electron speckle-interferometry after drilling of a blind
hole, which characterizes the stressed state in the material in the point of drilling; d – scheme of location of coordinate axes relative to the drilled hole of radius r0.
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were removed later by the argon arc welding. Thus, before
making the weld, a notch of 200 × 2 × 4 mm in size was made
by a manual cutter in the center of the specimen with a subse-
quent edge grooving. Over the notched area, a two-pass weld
was performed by a manual argon-arc welding.
On the second type of specimens, a notch 40 × 2 × 4 mm in
size was made between the cylindrical reinforcements, then
grooving and manual non-consumable electrode argon arc
welding were performed, using technology described earlier
[4]. Appearance of repaired welded joint on the second type of
specimen is shown in Fig. 1c.
2.2. Method of stressed state determination
The stressed state of specimens of welded joints was
evaluated using the no-contact method of the electron speckle-
interferometry. The device, which is based on the method of
electronic speckle interferometry, measures the displacement of
the surface. Elastic unloading is realized by drilling hole in the
place where the stresses are determined. The software calcu-
lates the stress state [10].
At the E.O. Paton Electric Welding Institute, the technology
and compact equipment were developed for the in-process
determination of residual stresses by the method of electron
speckle-interferometry with a blind hole drilling [11]. This
method is based on applying the optic scheme of the interfer-
ometer, which allows measuring the plane displacements
(Fig. 2a).
The laser beam is split for 2 beams (50/50), which are
widened by lens and illuminated the object symmetrically
under the angle α relative to normal to the surface of the object
being examined. The experiments were conducted at α = 57°.
Measurements were performed in the following sequence.
The speckle-interferometer is mounted on the object surface.
The reflected light wave, characterizing the initial state of the
region being examined, is entered into the computer memory
(Fig. 2b). After elastic unloading of stresses by drilling a blind
hole of 1.0–1.5 mm in diameter and 0.4–1.5 mm deep, the
reflected wave is also entered into the computer memory. After
the computer processed the data of these two light waves, the
pattern of interference fringes, located around the hole, and
appears on the monitor (Fig. 2c). It contains information about
the values of residual stresses in the examined point of the object.
In speckle interferometer used symmetric optical scheme.
This optical scheme makes possible to measure the planar com-
ponents of the displacement vector u (x,y). Displacements are
determined by the formula [12]:
U x y x y, ,
sin
( ) = ( )Φ λ
π α4
where: F(%,u) is the optic difference of phases caused by
drilling a blind hole in the region of the object being examined;
λ is the length of the laser radiation wave.
To determine the optic difference of phases F(%,u) on
the points of examination on the object’s surface, the phase
steps method is used, i.e. The phase shift method – this is to
record several interferograms. The phase shift is given by the
computer, that is, the quantity of the phase shift - it is known.
[13]. Then, according to this method, a system of non-linear
equations is compiled, the solution of which is the phase dis-
tribution at each point of the surface.
For plates with a blind hole, the dependence of displace-
ments ur and uθ, occurring as a result of the unloading of
stresses σxx, σyy and τ xy (Fig. 2d) at some Nelson distance r from
the center of the hole with radius r0, on angle θ is expressed by
the following formulae [14]:
u r A Br xx yy xx yy xy, cos sinθ σ σ σ σ θ τ θ( ) = +( ) + −( ) +[ ]2 2 2 (1)
u r C xx yy xyθ θ σ σ θ τ θ, sin cos( ) = −( ) −[ ]2 2 2 (2)
where A, B,C are the empiric coefficients depending on the
mechanical properties of the material, distance from the hole
center to the point of measurement, its diameter and not
depending on type of the stressed state.
The developed procedure assumes the measurement of dis-
placements ux at the constant distance from the hole center (for
example, r = 2.5r0).
Using equations (1) and (2), ux can be presented in the form
u F G Hx r r xx yy xyθ θ σ θ σ θ τ( ) = ( ) + ( ) + ( )=2 5 0. (3)
where
F A B Cθ θ θ θ θ( ) = +( ) −cos cos sin sin ,2 2
G A B Cθ θ θ θ θ( ) = −( ) +cos sin sin cos ,2 2
H B Cθ θ θ θ θ( ) = +2 2 2 2sin cos cos sin ,
are the functions depending on coefficients A, B, C and angle θ.
The determination of residual stresses by the suggested
method is carried out in the following sequence:
- at a distance of 2.5 r0 from the center of a drilled hole
with a radius r0, the points are selected under the optional
angle relative to the illumination axis and displacements
on the examining object surface are measured by the
speckle-interferometer;
- components σxx, σyy and τxy of tensor of stresses are calcu-
lated from the data about displacements using (3) and the
least-square method;
- values of principal stresses σ1, σ2 and angle η between the
axis of illumination of the speckle-interferometer and direc-
tion σ1 are determined by formula (4)
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To evaluate the accuracy of measurement of plane displace-
ments by a small-sized speckle-interferometer and automatic
computer processing of the interferogram, the solution of the
known problem about a console beam bending with a fixed end
by the force, applied to a free end, was used.
The designed equipment (Fig. 2) and software were used to
investigate residual welding stresses.
After welding and EDT, the change in the stressed state of
the welded joints in the vicinity of repair welds was evaluated.
The efficiency of the EDT process was determined from the
results of the comparison of values before and after the
treatment.
After the welding and the recording of the initial level of
stresses, the welded joints of specimens were subjected to EDT
according to the conditions, corresponding to the value of
energy of the capacitor storage discharge of not higher than
800 J. Here, the direction of the effect of the pulse current at
EDT coincided with the longitudinal axis of the repair weld.
3. Results
EDT schemes and measurements of displacements on the
surface of investigated specimens are presented in Fig. 3.
Fig. 4 shows the distribution of a longitudinal component of
stresses σx after welding and EDT on the specimen of the first
type (Fig. 1a). At the first stage of the investigation, the dis-
placements were measured on the external surface of the speci-
men along the A–A line, located at a distance of 8 mm from the
welding center (Fig. 3a). It is seen that before the EDT, the
tensile stresses σx are distributed along the weld line, and their
average values are 120 MPa (Fig. 4a curve 1), after treatment,
the nature of distribution of σx was not significantly changed,
but their average values decreased to 70 MPa (Fig. 4a curve 2).
The distribution of stresses σx at the external surface of the
first type of specimen after welding along the line B–B. normal
to weld line (Fig. 3a), is presented in Fig. 4 (line 1). The
non-equilibrium of the diagram σx is due to the high bending
component of stresses on the specimen surface, caused by its
initial curvature, and also by that the value σx was measured
only on the external surface of the metal. In this case the
maximum value of tensile stresses σx in the measured section
reaches the yield strength σ0.2 = 120 MPa at 10 mm distance
from the weld center.
The electrodynamic effects after EDT No. 1 on the stressed
welded joint confirm the distribution of σx along the B–B line
(in Fig. 4, curves 2).
It is seen from Fig. 4b that at the treated region of the weld
center, the distribution of σx changed the stresses from tensile to
compressive ones, the value of which reached –40 MPa. At the
surface regions, corresponding to maximum values of stresses
σx = 120 MPa, after EDT No. 1 the decrease in stresses to
30 MPa was observed that amounts to 25% of values before
treatment. So, it is possible to note that the result of the EDT is
the decrease in values of stresses with their transition from
tensile to compressive ones in the treatment zone.
Fig. 3. Scheme of EDT and measured zoned on specimens of alloy ML10:
a – specimen of the first type (Fig. 1a)A–A, B–B – lines of measurements; Nos.
1, 2 – sequence of EDT (x = 0 – point of beginning of measurement of value σ1;
b – cylindrical reinforcement, Nos. 3 and 4 – sequence of EDT; 1 – weld;
2 – reinforcement for fastening element. Arrows denote the direction of EDT
in weld).
Fig. 4. Effect of EDT on distribution of σx in the specimen of the first type of
alloy ML10: a – 1 – along line A–A (Fig. 3a) after welding; 2 – along line A–A
after EDT No. 1, the value x = 0 corresponds to point of the weld beginning in
Fig. 3a; b – 1 – after welding along line B–B; 2 – after EDT No. 1; 3 – after EDT
No. 1 and 2.
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To investigate the effect of successive EDT of weld center
and heat-affected zone on change in values σx, the specimens of
the first type were used. For this purpose, the EDT No. 2 was
carried out on the specimen surface along the A–A line at the
distance of 12 mm from the weld center (Fig. 3a). The distri-
bution of σx along the B–B line (Fig. 3a) after EDT No. 2 is
shown in Fig. 4b. In this case, the region of compressive
stresses, localized at the region of electrodynamic effects is
formed, where the values σx are reduced to –20 MPa (in Fig. 4b,
curve 3), while in the weld center they are not changed
(–40 MPa). The localized nature of σx in the zone of EDT No.
2 is close to that observed after EDT No. 1 in the weld center.
As is seen from the distribution of stresses σx (in Fig. 4c, curve
3, at the distance between the regions of EDT of Nos. 1 and 2,
they are decreased to 60 MPa in the equally removed zone (at a
distance of 6 mm from the weld center), which amounts only to
50% of their value after welding (before making EDT No. 1 and
2). This confirms the localized nature of the electrodynamic
effects.
The effect of EDT was investigated on the distribution of
residual welding stresses between reinforcements on the second
type of specimen (Fig. 1c). The changes in σx at the specimen
surface along the B–B line, normal to the weld line after treat-
ment for two (EDT No. 3) and five (EDT No. 4) passes along
the weld line were investigated (Fig. 3b). After recording the
change in stresses as a result of EDT No. 3, three more passes
(EDT No. 4) were made at the weld surface by using conditions,
similar to EDT No. 1. The distribution of stresses σx after
EDT of weld on the second type of specimen is presented in
Fig. 5. It is seen that similar with the first type of specimen, the
maximum values σx after welding (in Fig. 5, curve 1) do not
exceed 120 MPa. After EDT No. 3 the stresses σx were
decreased by 75% (to 30 MPa) in Fig. 5, curve 2, and after EDT
No. 4 they decreased by 85% (to 20 MPa) in Fig. 5, curve 3.
Moreover, the sign of stresses σx was not changed unlike
their distribution on the first type of specimen. Differences in
the nature of the distribution of σx after EDT, obtained from the
first and second types of specimens are due to the geometric
features of the latter. The increase in the thickness of specimens
in the zones of reinforcement can reduce the effectiveness of
EDT [15].
Analysis of the σx diagrams presented in Fig. 4 shows that
the electrodynamic effects are rather localized in the zone of
effect. Consequently, the task of determination of optimum
distance between regions of electrodynamic effect, i.e. EDT
“step”, guaranteeing the covering of treated regions with
minimum level of residual welding stresses, is rather urgent.
To determine the optimum step at the preset electric param-
eters of EDT, weld metal treatment was made on the first type
of specimens. Electrodynamic treatment No. 1 of the weld was
performed with change in distance L between the regions of the
electrodynamic effect, determining here the values of stresses
after welding σ0 and δ, the relative change in stresses after EDT:
δ = σ σ( )⋅Δ 0 100% (5)
where Δσ is the decrease in value of stress σ0 as a result of EDT.
The Δσ value was measured in weld line at the distance
between the EDT zones, equal to L/2, and the EDT efficiency
was determined from ratio (5). Maximum distance between
EDT zones was taken equal to 20 mm, decreasing it to 5 mm to
determine the relation δ = f (L), Fig. 6. Analysis of data, given
in Fig. 6, shows that at L ≥ 20 mm the effectiveness of EDT is
rather low. If the pulse energy is less than 800 J, the zones of
electrodynamic effects do not overlap. At L = 15, 12 and 8 mm,
the values δ reach, respectively, 10, 21 and 38%, which indi-
cates the partial covering of the EDT zones. The guaranteed
covering of zones of the electrodynamic effect occurs at the
value L, equal to not more than 5 mm.
Thus, at the given energy parameters of electrodynamic
effects of EDT of alloy ML10, it is rational to apply the step not
exceeding 5 mm.
The results of the investigation presented show that the regu-
lation of the residual stress level on the surface of welded ML10
alloy joints through application of EDT is possible. After EDT,
the residual welding stress is greatly decreased. The electrody-
namic effect has a positive effect on the characteristics of
fatigue strength of welded magnesium alloy ML10 joints at
cyclic loads, which increases the service life of aircraft struc-
tures [4].
4. Conclusions
1. Experimental method of evaluation of electrodynamic
treatment has been developed to reduce the level of
Fig. 5. Effect of EDT on distribution of σx in the second type of specimen of
alloy ML10 (Fig. 1c): 1 – after welding along line B–B (Fig. 3b); 2, 3 – after
EDN No. 3 and 4, respectively.
Fig. 6. Effect of distance L between the EDT zones on relative effectiveness of
treatment δ.
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residual stresses in welded joints of heat-resistant mag-
nesium alloy ML10.
2. It was found that with EDT application, it is possible to
reduce the initial values of residual tensile stresses in
welded joints of alloy ML10 to almost zero.
3. It is shown that at electric parameters of EDT, corre-
sponding to value of the accumulated energy of discharge
of the pulsed current of 800 J, it is rational to carry out the
treatment of welded joints of alloy ML10 at the distance
between the zones of effect, not exceeding 5 mm.
5. Summary
In repair of magnesium ally ML10 aviation structures, the
argon arc non-consumable electrode welding is used. In this
case, residual welding stresses occur in the repair welds, which
reduces the service characteristics of the repaired products. The
presence of the residual stresses causes the need in postweld
heat treatment, thus increasing the cost of repair operations.
This leads to search for the alternative methods of regulation of
the stressed state of the welded joints, one of which is electro-
dynamic treatment, which reduces the residual stress level in
repair welds, and as a consequence, the reduces the cost of
welding repair in the restoration of magnesium alloy aircraft
structures. The results of the experiments showed that electro-
dynamic treatment can decrease the initial level of stresses in
welds, equal to 120 MPA, down to 30 MPa, and form, at defi-
nite geometric characteristics, the fields of compressive stresses
in the zone of treatment, the value of which reaches – 50 MPa.
It is shown that optimum distance between the zones of
treatment is 5 mm that guarantees the covering of zones of
electrodynamic effects, and as a consequence, the maximum
efficiency of the electrodynamic treatment.
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